Several studies have investigated toughening porcelain that is layered over a frame or a core. The introduction of residual compressive stress to the surface of porcelain has been shown to be effective to strengthen it. In the present study, nanoparticles of precious metals of silver and platinum (rather than non-precious metals) were used to evaluate if they could increase the fracture resistance of porcelain. The addition of silver and platinum nanoparticles was found to improve the mechanical properties of porcelain since it increased both the Young's modulus and the fracture toughness of commercial porcelain.
INTRODUCTION
In recent years, the use of zirconia and all-ceramic crowns has become increasingly widespread in aesthetic dentistry. A zirconia crown consists of a frame with a ceramic crown and a ceramic core; a porcelain layer is applied to complete the prosthesis. A porcelain layer is applied over zirconia and ceramic cores since it is a highly predictable restorative treatment that resists chipping and breakage in the oral cavity [1] [2] [3] [4] [5] . However, since a porcelain layer has a fracture toughness of approximately 1 MPa 1/2 6) , it offers limited predictability for sites that are subjected to stress, such as molar teeth, if it is not reliant on the strength of the zirconia or ceramic core.
Several studies have attempted to toughen porcelain layers on frames or cores. Introducing residual compressive stress to a porcelain surface has been shown to strengthen it 7) . In chemical strengthening techniques, larger alkali ions such as potassium are used to substitute sodium ions, which are a common constituent of porcelain. This creates a very high residual compressive stress in the porcelain surface. Another way to introduce residual stress is thermal tempering, whereby a temperature difference between the surface and interior of the porcelain generates compressive stress in the surface.
A well-established method for suppressing crack propagation is to disperse a material that hinders crack propagation in porcelain. Metal oxides such as alumina 8) and leucite 9) have been used as the dispersed phase. This method relies on the fracture toughness of the dispersed particles to absorb crack energy. Metals are generally much tougher than ceramics and are thus expected to be more effective for reinforcing porcelain. For structural applications, metals such as Ni 10) , Al 11) , and W 12, 13) and metallic alloys such as FeNiC 14) , FeCr 15) , and stainless steel 16) have been investigated to reinforce glass. In the present study, nanoparticles of precious metals of silver and platinum (rather than non-precious metals) were investigated to determine whether they could increase the fracture resistance of porcelain.
MATERIALS AND METHODS

Nanoparticle (platinum, silver)-containing porcelain
Noritake Super Porcelain AAA (NS porcelain; Noritake Dental Supply Co., Nagoya, Japan) was used as porcelain for metal fusion. Silver particles with an average diameter of 10 nm and platinum particles with an average diameter of 5 nm (Shinko Chemical Industry Co., Tokyo, Japan) were separately dispersed in purified water using a dispersion agent of carboxymethyl cellulose. The platinum and silver concentrations in the solutions were adjusted to 500 ppm.
NS porcelain powder (2.1 g) was mixed with 0.75 g of a platinum or silver nanoparticle-dispersed solution and the slurry was poured into a cylindrical metal mold (Specac, Orpington, Kent, UK; internal diameter: 20 mm) using a vibrational mixer to avoid the inclusion of air. A uniaxial pressure of 17.7 MPa was applied for 10 min using a hydraulic press (Yoshida Seisakusyo Co., Tokyo, Japan) to produce green pellets.
The green pellets were fired (dried for 5 min, rate of temperature increase: 50°C/min, vacuum: 730 mmHg, initial firing temperature: 680°C, final firing temperature: 930°C, rapid cooling) in a porcelain furnace (KDF Master Summit J100, Denken Co., Oita, Japan).
Three specimens were produced per sintered body (Pt-NS, Ag-NS). As a control, three sintered bodies without platinum or silver (NS) were produced using distilled water instead of a slurry.
Vickers hardness and crack length by indentation fracture method
The specimens were polished using a automatic polisher (Abramin, Struers, Denmark) to #800-4,000 using waterresistant SiC polishing paper. Using a microhardness tester (HMV, Shimadzu Co. Kyoto, Japan), a Vickers indenter was pressed into five areas on each specimen for 15 s at a load of 9.807 N and the Vickers hardness (Hv) was calculated from the length of the diagonal line of the pressure impression.
The length of median cracks (2a 1, 2a2) ( Fig.1 ) that extended from the edge of the impression was measured in each pressure impression following JSMS-SD-4-01 17) and the mean value 2a was calculated.
Young's modulus
To estimate the Young's modulus, 17×4×1-mm plateshaped specimens were cut using a precision blade cutting machine (MPC-200, Musashino Denshi Co., Tokyo, Japan) and polished to #800-4,000 using waterresistant SiC polishing paper. Strain gauges (KFG-1N-120-C1-11L1M2R, Kyowa Dengyo Co., Tokyo, Japan; length: 1 mm, resistance: 119.6±0.4 Ω, lot No.: Y4333S, factor: 2.10±1.0%) were attached to the central area of each specimen and were connected to a dynamic strain measurement system (DSA-606B, Minebea Co. Tokyo, Japan) through a bridge box (Minebea Co.). Threepoint bending tests (JIS R1602) were performed using a universal testing machine (EZ Graph, Shimadzu Co. Kyoto, Japan) at a cross-head speed of 0.1 mm/min and a distance between fulcrums of 12 mm. The Young's modulus E (GPa) was calculated from the load (N) and strain using
where P is the load (N), l is the distance between fulcrums (m), w is the specimen width, t is the specimen thickness, and ε is the strain.
The fracture toughness
The residual stress for engineering ceramics was measured using the indentation fracture method. The fracture toughness K IC (MPa•m 1/2 ) was calculated using equation (2), following JSMS-SD-4-01,
where a is half the crack length (m) and d is the diagonal length of the pressure impression (m).
The observed values of Hv, 2a, E, and K IC were compared and evaluated by performing a one-way analysis of variance, followed by the Bonferroni method at a significance level of 0.05.
X-ray diffraction (XRD)
The phases in platinum and silver nanoparticlecontaining sintered bodies, Pt-NS and Ag-NS, were identified by XRD (RINT-2500V, Rigaku Co., Tokyo, Japan) by recording XRD patterns over a scanning range of 5-60° at 56 kV and 200 mA and at a scanning speed of 1°/min.
Electron probe microanalysis
A cut surface of Pt-NS was used to observe the distributions of silicon, aluminum, and platinum. Pt-NS was ultrasonically cleaned in anhydrous acetone for 10 min. After drying, an osmium coater (Vacuum Device Co., Ibaraki, Japan) was used to coat the cut surface with osmium. Elemental analysis was performed over 512×512 pixels by electron probe microanalysis (EPMA; EPMA-8705, Shimadzu Co., Kyoto, Japan; acceleration voltage: 15 kV; specimen current: 50 nA; dwell time: 1.0 ms; beam area: 1×1 µm).
Color measurements
Color was measured using 4-mm-thick sintered specimens polished in the same manner as described above. The color was determined according to the CIE L*a*b* color scale relative to a standard white barium sulfate tile (CIE L*=100, a*=0, b*=0) on a spectrophotometer (UV-3600, Shimadzu Co.) in the range 200-780 nm with an attached integrating sphere. L* represents the lightness, a* represents the red-green chromaticity coordinate, and b* represents the yellowblue chromaticity coordinate. Measurements were performed on each of the three specimens of each sintered body. The color difference (∆E*) was calculated
1/2 , where the subscripts 1 and 2 indicate sintered specimens without and with metal nanoparticles, respectively. Figure 2 shows the Vickers hardness and crack length of sintered specimens. As Fig. 2(a) shows, Ag-NS (622.3; SD: 14.1) had a significantly higher Hv than the control (503.4, SD: 33.8) and Pt-NS (515.4, SD: 15.0), whereas there was no significant difference between Hv of the control and Pt-NS. The effect of adding metal nanoparticles on the median crack length of sintered specimens was approximately inversely proportional to that on Hv and it was significantly smaller in Ag (103.8 µm; SD: 6.1) than that in Pt (116.5 µm, SD: 2.1) or the control (117.6 µm, SD: 5.8) (Fig. 2(b) ). Figure 3 shows the Young's modulus of sintered specimens. The Young's modulus of Pt-NS (67.2 GPa, SD: 1.6) does not differ significantly from that of Ag-NS (67.8 GPa, SD: 4.3) while both specimens had significantly higher Young's modulus than the control (60.1 GPa, SD: 2.8). Figure 4 shows the fracture toughness of sintered specimens, which was calculated from equation 2 using the measured values for diagonal length of the pressure impression, the crack length, and the Young's modulus. The fracture toughness, K IC, of Pt-NS (1.42 MPa•m 1/2 , SD: 0.02) was significantly smaller than that of Ag-NS(1.54 MPa•m 1/2 , SD: 0.05), but was significantly greater than the control (1.36 MPa•m 1/2 , SD: 0.03) (Fig. 4) . Figure 5 shows XRD patterns of Ag-NS, Pt-NS, NS, and NS porcelain powder. Leucite and sanidine, which were identified in NS porcelain, were also identified after sintering, even when metal nanoparticles were added. However, orthoclase (2θ=21°) was observed after sintering; it had the most intense XRD peak(973) in the XRD spectrum of Pt-NS. Figure 6 shows elemental maps of Si, Pt, and Al, and a back-scattered electron image of Pt-NS. In the Si element map, low-density (blue) and high-density (orange) areas were observed over the whole cut surfaces. Al appeared to have almost the same pattern as Si, except that low-and high-density areas were reversed. On the other hand, Pt was scarce in all areas except for a few spots where Pt and Si had relatively high densities, but Al was absent; these areas were observed as white regions in back-scattered electron images. Table 1 shows L*, a*, b* and the color differences between NS and Ag-NS and between NS and Pt-NS. With Ag-NS (5.07; SD: 1.32) and Pt-NS (21.0; SD: 3.55), the color differences were significantly greater than ∆E*=2.69, which is considered to be the perception threshold 18) . L* exhibited no differences between NS(67.65; SD:1.10) and Ag-NS(65.24; SD:3.11), and was significantly smaller in Pt-NS(46.88; SD:3.53) than in NS, whereas a* was significantly smaller in Ag-NS (0.74; SD: 0.13) and larger in Pt-NS (2.37; SD: 0.16) than in NS (1.82; SD: 0.23). On the other hand, b* was significantly greater in Ag-NS (11.69; SD: 2.02) and Pt-NS (11.21; SD: 0.44) than in NS (9.09; SD: 0.78).
RESULTS
DISCUSSION
Porcelain is used in aesthetic dentistry to realize cosmetic restoration [19] [20] [21] in the oral cavity to achieve an appropriate optical transparency. However, the requirements for porcelain are not purely cosmetic; it also needs to be sufficiently strong to withstand masticatory functions and to be durable.
To increase the fracture resistance of glass, the addition of metals such as Ni 10) , Al 11) , and W 12, 13) and metal alloys such as FeNiCo 14) , FeCr 15) , and stainless steel 16) has been investigated. These metals and alloys were either in the form of particles [10] [11] [12] [13] [14] or chopped fibers 15, 16) and had sizes of the order of micrometers. The two most plausible mechanisms that have been proposed for toughening of the glass matrix by the addition of particles are bridging of cracks by stretching particles and crack deflection around particles 22) . Thus, metal particles are expected to increase the fracture resistance of porcelain in dental applications. However, the metals that have been used to date are non-precious metals, which are harmful when used in the mouth; furthermore, the materials contained in those metals have mainly been applied for structural applications, rather than dental applications. The present study used nanoparticles of the precious metals, silver and platinum, to evaluate whether they could enhance the fracture resistance of porcelain.
As Figs. 2-4 show, both Pt and Ag nanoparticles increased the Young's modulus (Fig. 3) and the fracture toughness (Fig. 4) ; although Pt nanoparticles had no effect on the Vickers hardness( Fig. 2(a) ) and median crack length (Fig. 2(b) ).
While the fracture toughness, K IC, calculated by the indentation method (as in the present study) is not as reliable as that obtained using the method recommended by ASTM C1421-99, the calibration constant (0.026) in equation 2 is the arithmetic mean of the calibration constants specified for Al 2O3, Si3N4, and SiC (0.027, 0.029, and 0.023, respectively) in JIS R 1607. For these three materials, K IC obtained by the indentation method was essentially the same as that calculated by the chevron notched bend test recommended by ASTM C1421-99. This indicates that the value of K IC Table 1 5.07 (1.32) † 21.00 (3.55) † estimated in the present study is similar to those that would be obtained by more direct testing methods. The reduction in the median crack length on the addition of Ag nanoparticles clearly indicates that they increased the fracture toughness of Ag-NS. K IC is one of the most reliable parameters for evaluating the resistance to crack extension due to external forces.
Another consideration is that phase changes may occur when metal nanoparticles are incorporated in NS porcelain after sintering. The sintered specimens to which Ag and Pt nanoparticles had been added did not exhibit any significant differences in their phases (see Fig. 5 ).
In addition to leucite and sanidine, orthoclase was identified at 2θ=21° in XRD patterns of the sintered specimens; it has the most intense diffraction peak in the XRD spectrum of Pt-NS. No diffraction peaks attributable to metal Ag, metal Pt, or corresponding compounds were detected. However, this does not necessarily exclude the presence of Ag metal, Pt metal, or corresponding compounds in the sintered bodies of Ag-NS or Pt-NS because very low amounts of Ag and Pt nanoparticles were added. EPMA clearly revealed the presence of Ag and Pt in the sintered specimens and that elemental Pt (Ag) was uniformly distributed in the Pt(Ag)-NS specimens.
Color changes due to metal inclusion are particularly important when considering aesthetics. Adding Ag and Pt metal nanoparticles changed the color of NS porcelain. Although these color differences are significantly greater than ∆E*=2.69, which is considered to be the perception threshold by Chang et al. 18) , the lightness L* (46.88-65.24), redness/greenness a* (0.74-2.37), and yellowness/blueness b* (11.21-11.69) of the Ag-NS and Pt-NS porcelain specimens are essentially the same as those of natural teeth (L* (39.3-70.2), a* (0.0-17.8), and b* (4.1-30.2)) as reported by Kobayashi 23) in the anterior regions of the upper and lower jaws.
As discussed above, the addition of Ag or Pt metal nanoparticles increases the fracture toughness of NS porcelain. A possible mechanism for this increased the fracture toughness is the greater elasticity of the metal than the matrix glass.
As discussed by Dlouhy et al. 22) , an effective crack/ particle interaction may exist between the particles and the glass matrix if there is a perfect bond between both constituents. The inherent ductility of the metallic phase can be utilized to inhibit propagation of a running crack through the nanoparticles; in other words, a crack can be bridged by stretching nanoparticles.
Another possible mechanism is the generation of hydrostatic stress 9, 24) in the glass matrix after the addition of metal nanoparticles. Hydrostatic stress is proportional to the difference between the coefficients of thermal expansion of the added metal and the NS matrix. Ag, Pt, and NS have coefficients of thermal expansion of 18.9×10 −6 , 8.8×10 −6 , and 9.1×10 −6 /K, respectively. With Ag nanoparticles, greater differential thermal expansion occurs, generating compressive stress 21) tangential to the Ag nanoparticles (if they remain in the metallic phase). This compressive stress remains in the vicinity of the Ag nanoparticles and inhibits cracks that propagate near them, since it causes cracks to deflect. However, differential thermal expansion is practically negligible for Pt nanoparticles so that no significant increase in the fracture toughness is expected based on this mechanism alone.
Although no direct evidence was obtained regarding the states of the elements (i.e., metal, compound, or both), some metal nanoparticles may react with the constituents of NS porcelain, forming compounds that contain the metal element. In this case, compressive residual stress would be generated through a possible ion exchange reaction (-Si-O ) by a similar mechanism to that proposed for alkali and alkalineearth elements 25) , which would enhance the mechanical properties.
CONCLUSIONS
The addition of silver and platinum nanoparticles enhanced the mechanical properties of porcelain. The addition of silver and platinum nanoparticles increased both the Young's modulus and the fracture toughness relative to those of NS porcelain without metal nanoparticles. Silver nanoparticles increased the fracture toughness more than platinum. This may be related to the difference in the generation of beneficial compressive stress, which is expected to be greater for silver since it has a higher coefficient of thermal expansion.
